Abstract: A highly sensitive fiber optic current sensor using terbium doped fiber is presented. The Verdet constant of the terbium doped fiber at 1300nm is found to be 19.5μrad/A using both a polarimetric and interferometric type sensor. Measurements on a Sagnac-loop sensor using 10cm of terbium doped fiber placed inside a solenoid show over 40dB of open loop dynamic range as well as a minimum detectable current of 0.1mA. Extrapolations of our measurements show that in a practical setup with Tb fiber wrapped around a current carrying wire, the optimal configuration is a 0.5m piece of Tb fiber with a noise limit of 22mA/√Hz. This sensor is promising for current sensing applications that require high sensitivity and small size, weight, and power.
Introduction
Fiber optic current sensors (FOCS) based on the Faraday effect have been a topic of interest to the scientific community for over 30 years. Compared with conventional current sensors, FOCS offer several advantages [1] . They are resistant to electromagnetic interference due to their optical operating principle, and offer high common-mode rejection of spurious signals due to the tight control of the optical path. For example, an FOCS wrapped around a current carrying wire will be insensitive to almost all nearby electromagnetic fields except the ones produced by the wire. Furthermore, fiber optic sensors have wide dynamic range, and are able to sense currents up to hundreds of kilo amperes (kA) with negligible saturation effects [2] . Finally, the electronics accompanying the OCS can be easily isolated from the high potentials of the sensing area. However, it is well documented that one drawback of fiber OCS is the presence of linear birefringence within the sensing fiber, which considerably dampens the measured signal, reducing the sensitivity of the sensor. This problem is compounded by the low Verdet constant of standard silica fibers (1 μrad/A at 1300nm) [3] , which means the sensing fiber is often tens or hundreds of meters long and suffer from bend and stress induced birefringence. This led to the development of thermally annealed fibers and twisted fibers, which reduced or suppressed the linear birefringence at the cost of weaker mechanical strength [4] [5] [6] . Spun highly birefringent fiber has also been demonstrated to be a promising candidate for FOCS [7, 8] .
An alternate approach to achieving high sensitivity FOCS is to increase the Verdet constant of the sensing fiber through doping with rare earth materials [9] . A higher Verdet constant decreases the length of fiber needed for high sensitivity, leading to compact, high sensitivity FOCS. Doping the fiber core with terbium (Tb) has been shown to be an effective way of increasing Verdet constant, up to a reported 40 μrad/A at 1064nm [10] , and was utilized in a magnetic field sensor using polarimetric detection [11] . In this work, we utilize a similar 10 centimeter long piece of Tb doped fiber provided by Advalue Photonics to construct a polarimetric as well as a Sagnac-loop based interferometric FOCS. The two sensor measurements of the Verdet constant show excellent agreement at 19.5 μrad/A, or equivalently 15.5 rad/T/m at 1300nm. We verify that this high Verdet constant leads to high sensitivity for the Sagnac-loop FOCS, and extrapolate our results to longer Tb fibers for practical applications.
Direct detection (polarimetric)
Direct detection measures the polarization rotation of linearly polarized light as it passes through the sensing fiber. The amount of polarization rotation is given by the Faraday rotation, or f VNI θ = where f θ is the Faraday rotation, V is the Verdet constant, N is the number of solenoid turns around the Tb fiber, and I is the applied current. Since the Tb fiber (10cm) is shorter than the length of the 710 turn solenoid (14cm), we calculate N = 507, assuming uniform turn density within the solenoid. A short length of SMF and PM fiber (2cm each) is also in overlap with the solenoid, but we neglect their contributions to Faraday rotation since their Verdet constant is much lower and the overlap is small. For 1A of DC current through the solenoid, we measure 6.5mT of B-field through an independent gaussmeter measurement. The detection scheme is depicted below in Fig. 1 . It is desirable to operate the sensor within telecom O (1260-1360nm) or C (1530-1565nm) bands due to wide availability of light sources and other optical components. Furthermore, rapid advancements in silicon photonics have shown that it is possible to fabricate photonic integrated circuits with high levels of complexity and performance [12] . Thus, the size and cost of optical sensors can be greatly decreased through integration of laser sources and modulators, as proposed in [13, 14] . At 1300nm, the total loss of the Tb fiber chain is measured to be 2.3dB. After subtracting 1.5dB of estimated loss from the two splices due to mode mismatch between the Tb fiber and PM or SMF (measured by Advalue Photonics at 1060nm), we obtain a propagation loss of 0.08 dB/cm at 1300nm. At 1550nm, the loss is considerably higher at 1.7dB/cm, and the Verdet constant is expected to be smaller at longer wavelengths [3] . For these reasons, a 1300nm semiconductor laser with 10 dBm output power is used as the source.
The light propagates through the Tb fiber chain, and through an in-line Faraday rotator that provides 45 degrees of polarization shift. Finally, the light passes through an in-line polarization beam splitter, and the intensity difference between the fast and slow axes is measured with a balanced detector. The total length of SMF in the sensor is kept short to minimize sensor size as well as polarization drift.
The intensities of each arm at the detector can be expressed as P is the incident light power at the PBS and θ is the 45 degree polarization shift from the Faraday rotator. The normalized signal at the detector can be written as the following, for small Faraday rotation.
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Thus, we expect a linear relation between the power at the detector and the applied current. Furthermore, the slope of the data is 2VN − , and the Verdet constant of the fiber at 1300nm can be extracted. The figure below shows the detected powers as the DC current through the solenoid is swept from −1A to 1A and back over five minutes. From Fig. 2 , we can clearly see the benefits of balanced detection. The source power fluctuation is <1.5%, but still creates ripples as shown in Fig. 2(a) , but not present in Fig.  2(b) . A further improvement can be made by tracking the polarization of light without the applied Faraday rotation during the sweep as seen in Fig. 2(c) , which corrects for the polarization drift away from 45 θ =  provided by the Faraday rotator. Here, a "zero-current" point was measured during the current sweep every 10 seconds over the five minute duration of the sweep. From this data, the calculated Verdet constant of the Tb-fiber at 1300nm is 19.5 μrad/A. This is lower than the previously reported 40 μrad/A at 1060nm, but the lower value is expected due to the wavelength dependence of the Verdet constant. The standard deviation from the linear fit is 27mA without polarization tracking in Fig. 2(b) , and 5mA with the polarization tracking in Fig. 2(c) .
While the simplicity of polarimetric current detection is attractive and the Verdet constant can be easily extracted from the data, it suffers from long term drift. Even over a short 5 minute span as shown in Fig. 2(b) , there is evidence of drift in the system in the absence of any feedback. For this reason, it is generally favorable to use interferometric detection schemes.
Sagnac-based detection (interferometric)
The second method, as depicted below in Fig. 3 , uses a Sagnac loop interferometer which measures the interference between two counter-propagating paths of light through the Tb fiber. The Sagnac loop architecture has been extensively studied and used in high sensitivity fiber optic gyroscopes [15] as well as FOCS [16, 17] . The primary difference in the Sagnac configuration for FOCS and gyroscope is the requirement of circular polarization for light within the loop in order to induce a nonreciprocal phase shift. A semiconductor optical amplifier (SOA) pumps 4mW of amplified spontaneous emission (ASE) centered at 1300nm into the sensor. This is preferable to a laser due to the low optical coherence of the ASE, which reduces noise from backscattering within a coherence length from the center of the Sagnac loop. The measured RIN of this source is −130dB/Hz. The light is polarized, and split into two paths through the 3dB coupler. Within the Sagnac loop, the linear polarization of light is transformed to circular polarization using quarter wave rotator from Fibercore. The two circularly polarized waves then pass through the Tb fiber chain, where they undergo the nonreciprocal phase shift caused by the applied current. A lithium niobate modulator is used to modulate the phases of the counter-propogating light waves with an amplitude of 1.8 radians. The modulation frequency is 15.1 MHz, as governed by the loop length (6.8m).
The nonreciprocal phase shift can be detected by interference at the 3dB coupler, and measured using a photodetector with subsequent RF gain with a combined responsitivity of 5300V/W. The total detected optical power at the photodetector is 80μW. Finally, the signal is analyzed with an electrical spectrum analyzer, and the Faraday signal at the first harmonic of the modulation frequency is shown below. We sweep the applied current from −1A to 1A, and zoom in on the region of interest where the Faraday signal is at a minimum, as depicted in Fig. 4(a) . The minimum of the Faraday signal occurs at −1.65mA. Several causes for this offset are discussed in the next section. Furthermore, there is a 0.1mA window on either side of the minimum point for which there is no change in the Faraday signal, as illustrated by the oval. This suggests that the sensor cannot accurately detect currents in that range. This is better depicted in Fig. 4(b) , in which we clearly observe a rolloff in the slope for an applied current below the minimum detactable current of 0.1mA. The dynamic range of the system in this open-loop configuration is over 40dB and can be improved further with feedback techniques or serrodyne modulation [18] .
The Verdet constant of the fiber can also be extracted from Fig. 4 . Due to the sinuasoidal modulation of the phase modulator, the Faraday signal is given by the following.
Here, 0 P is the 80μW of detected optical power, η is the 5300V/W total responsivity, and
is the Bessel function of the first order at its maximum modulation amplitude of 1.8 radians. Once again assuming small angle approximation, we calculate the Verdet constant to be 19.3 μrad/A. This is in excellent agreement with the results from the polarimetric sensor.
Analysis and discussion
As previously mentioned, there is a −1.65mA current offset in the Sagnac loop system. We show the measured Faraday signal on the ESA for three different applied currents in Fig. 5(a) .
The plot is centered at the 15.1MHz modulation frequency, and the resolution bandwidth is 1Hz. For no applied current in the solenoid, there is a Faraday signal of 6.14μV, or 12.5μrad of Faraday rotation. One possible cause for this is the Earth's magnetic field, which is on the order of 20-50μT in Santa Barbara, which translates to 13-32 μrad of Faraday rotation in our system. The solenoid is wrapped in mu-metal for magnetic shielding, but it is difficult to shield all fields due to the experimental configuration in which the sensor is sensitive to fields that run parallel with the fiber. If the fiber was wrapped around a current carrying wire instead, the effects of Earth's magnetic field should be greatly reduced. Another possible cause is amplitude modulation effects in the lithium niobate phase modulator. Nevertheless, these are effects that can be calibrated for, as we have shown.
Another point of interest in Fig. 5(a) is the noise floor of the current sensor. The white noise floor spectral density is roughly 0.20μV/√Hz, which corresponds to 0.04mA/√Hz using the appropriate conversions. However, we are not able to completely reach this white noise floor, as there is residual colored noise in the system. The peak Faraday signal at −1.65mA has a noise spectral density of 0.51μV/√Hz, which corresponds to 0.10mA/√Hz. For our resolution bandwidth of 1Hz, this is exactly 0.1mA, and matches the results found in Fig. 4 .
Next, we analyze the long term behavior of the sensor in Fig. 5(b) . Here, a current of 2mA was applied to the solenoid over 15 hours, and the Faraday signal was recorded every 5 seconds. The standard deviation over all the data points is 0.67 μV, or equivilantly 0.14mA. This is very close to the noise limit of the system, and shows that the long term stability is quite good.
Since the Faraday rotation will increase with longer fiber length, we can extrapolate our results for longer Tb fiber. For this extrapolation, we assume a practical setup in which the Tb doped fiber is wrapped around a straight current carrying wire. As the diagram shows in Fig.  6 (a), our measured data for a N = 507 solenoid can be carried over into an equivlant setup with 507 turns of 10cm circumference fiber. From here, we calculate the sensitivity for a single loop of fiber, and then extrapolate for longer lengths. The limiting factor is the 0.08dB/cm propogation loss of the Tb fiber, which is modelled in Fig. 6(b) , assuming the same noise floor for our system. The optimal length is for 0.5m of Tb fiber, for which the noise limit is 22mA/√Hz. For even longer fibers, the exponential decrease of received optical power dominates over the linear increase in sensitivity. If the loss in Tb fiber can be reduced or the incident power is increased, then the noise limit can be pushed further down. Finally, an alternate configuration [19] using an in-line reflection based interferometer can demonstrate a higher sensitivity by a factor of two, and will be a topic of exploration in the future.
Conclusions
To the best of our knowledge, we have reported the first Sagnac-based FOCS using Tb doped fiber with high Verdet constant of 19.5μrad/A at the operating wavelength of 1300nm. We are able to sense DC currents down to 0.1mA using a test setup with a 507 turn solenoid. Finally, we extrapolate our measurements to find a noise limit of 22mA/√Hz for a practical Tb fiber current senor with a length of just 0.5 meter. This sensor sensor shows promise for high sensitivity applications in which it is not possible to use tens or hundreds of meters of fiber. Further improvements to this technology can be made by spinning the Tb fiber and decreasing the propogation loss.
